The nitrate (NO 3 -) removal capacity of riparian zones is well documented, but information is lacking with regard to N 2 O emission from riparian ecosystems and factors controlling temporal dynamics of this potent greenhouse gas. We monitored N 2 O fluxes (static chambers) and measured denitrification (C 2 H 2 block using soil cores) at six riparian sites along a fourth-order stretch of the White River (Indiana, USA) to assess the effect of flood regime, vegetation type, and forest maturity on these processes. The study sites included shrub/grass, aggrading (<15 yr-old), and mature (>80 yr) forests that were flooded either frequently (more than four to six times per year), occasionally (two to three times per year), or rarely (every 20 ) occurred after flood events, but the magnitude of the flux enhancement varied with flood event, being higher after short-duration than after long-duration floods. This pattern was consistent with the inverse relationship between soil moisture and mole fraction of N 2 O, and instances of N 2 O uptake near the river margin after flood events. These results highlight the complexity of N 2 O dynamics in riparian zones and suggest that detailed flood analysis (frequency and duration) is required to determine the contribution of riparian ecosystems to regional N 2 O budget.
) removal capacity of riparian zones is well documented, but information is lacking with regard to N 2 O emission from riparian ecosystems and factors controlling temporal dynamics of this potent greenhouse gas. We monitored N 2 O fluxes (static chambers) and measured denitrification (C 2 H 2 block using soil cores) at six riparian sites along a fourth-order stretch of the White River (Indiana, USA) to assess the effect of flood regime, vegetation type, and forest maturity on these processes. The study sites included shrub/grass, aggrading (<15 yr-old), and mature (>80 yr) forests that were flooded either frequently (more than four to six times per year), occasionally (two to three times per year), or rarely (every 20 yr). While the effect of forest maturity and vegetation type (0.52 and 0.65 mg N 2 O-m -2 d -1 in adjacent grassed and forested sites) was not significant, analysis of variance (ANOVA) revealed a significant effect (P < ) occurred after flood events, but the magnitude of the flux enhancement varied with flood event, being higher after short-duration than after long-duration floods. This pattern was consistent with the inverse relationship between soil moisture and mole fraction of N 2 O, and instances of N 2 O uptake near the river margin after flood events. These results highlight the complexity of N 2 O dynamics in riparian zones and suggest that detailed flood analysis (frequency and duration) is required to determine the contribution of riparian ecosystems to regional N 2 O budget.
Nitrous Oxide Emission from Riparian Buffers in Relation to Vegetation and Flood Frequency P. A. Jacinthe,* J. S. Bills, L. P. Tedesco, and R. C. Barr L ocated at the interface between terrestrial and aquatic ecosystems, riparian buffers act as natural filters for a variety of waterborne pollutants, including nitrate (NO 3 -), one of the most prevalent water contaminants in agricultural landscapes (Nolan and Stoner, 2000) . In light of their water quality protection benefits, the preservation and restoration of riparian buffers have been advocated as a cost-effective approach to mitigating the transfer of nutrients to surface water bodies (Mitsch et al., 2001; Dosskey et al., 2010) .
The removal of NO 3 -in riparian zones is primarily via plant uptake and denitrification-the microbial reduction of NO 3 -into nitrous oxide (N 2 O) and dinitrogen (N 2 ). Riparian vegetation influences the fate of NO 3 -directly by incorporation of N into plant tissues and indirectly by the amount and quality of organic matter made available to denitrifiers (Firestone, 1982; Dosskey et al., 2010) . While vegetation uptake is considered a temporary N sink, denitrification results in the complete removal of NO 3 -and, as a by-product, releases the N gases N 2 O and N 2 into the atmosphere. However, given the implication of N 2 O in stratospheric ozone depletion and the greenhouse effect (Prather et al., 2001; IPCC, 2007) , enhanced emission of N 2 O from riparian buffers is a concern and some authors have questioned whether the water quality benefits of riparian ecosystems are realized at the expense of air quality Dhondt et al., 2004) . Noting the imbalance between the host of N removal studies (see review Martin et al., 1999) conducted in recent decades and the paucity of information pertaining to N gases emission from riparian ecosystems, Groffman et al. (1998) also stressed the need for N 2 O flux measurements in these settings to reduce the uncertainty of the proposed emission factor (N 2 O emission range of 0.05-2.5% of N intercepted) for determination of indirect N 2 O emission in agricultural regions (IPCC, 1997) and ultimately improve global N 2 O budgets.
Numerous studies have investigated the N 2 O production capacity of riparian soils in the laboratory Addy et al., 1999; Martin et al., 1999; Rotkin-Ellman et al., 2004; Hunt et al., 2007) , but few studies have reported field-measured N 2 O fluxes in riparian zones (Ambus and Christensen, 1995; Walker et al., 2002; Dhondt et al., 2004; Kim et al., 2009) . Therefore, at the field scale, we have limited understanding of the factors (e.g., hydrology, soil, and land use/land cover) controlling the dynamics of N 2 O emission from riparian zones. Reported findings for the effect of vegetation on N 2 O emission are conflicting. Hopfensperger et al. (2009) found a negative trend between percent vegetation cover and N 2 O fluxes in forested riparian wetlands. Walker et al. (2002) reported similar rates of N 2 O emission between grazed and restored (<2 yr without grazing) riparian zones, suggesting a limited effect of land use on emission. In contrast, Hefting et al. (2003) reported significantly higher N 2 O emission in forested than in grass-covered riparian buffers. Likewise, when moisture was not severely limiting, McLain and Martens (2006) measured higher N 2 O emission rates in semiarid riparian ecosystems, supporting the leguminous mesquite trees (Prosopis velutina) compared with other vegetation communities. In almost all these past studies (with the exception of McLain and Martens, 2006) , N 2 O fluxes were monitored infrequently (once every 2-3 mo) and for just a few months. Thus, the reported results may not adequately capture the temporal variability of N 2 O emission, a process known to be highly episodic (McClain et al., 2003) . In riparian ecosystems, this variability could be further amplified by hydrologic events such as floods.
Depending on the geomorphology, riparian buffers are periodically impacted by flood events, which contribute to nutrient delivery and spatial distribution of materials across the riparian zone. Even when connected to large river systems, riparian areas can retain a substantial amount (?20%) of the suspended matter transported in flood waters (Brunet et al., 1994) . Moreover, depending on their frequency and duration, flood events can affect soil moisture regime and have both long-term and short-term effects on N 2 O dynamics in riparian buffers. In light of past studies demonstrating high denitrification potential in poorly drained soils (Hanson et al., 1994; Ashby et al., 1998) , it is reasonable to assume that, by altering soil moisture level, frequent inundations could lead to the evolution of an active denitrifying community in riparian buffers, ultimately resulting in increased N 2 O emission.
Aside from the intensity of production, composition of N gases evolved (N 2 O vs. N 2 ) is also of great interest. Conditions that favor N 2 O conversion into N 2 and minimize the N 2 O mole fraction [N 2 O/(N 2 O+N 2 )] are considered less detrimental to air quality. Several studies have identified soil moisture, pH, organic C, C:N ratio, and NO 3 -availability as the most important controllers of the N 2 O mole fraction (Weier et al., 1993; Hunt et al., 2007) . During flood events, an initial pulse of N 2 O production is expected but, as shown in studies (Jacinthe et al., 2000; Elmi et al., 2005) investigating the effect of soil saturation duration on the N 2 O mole fraction, if riparian buffers remain inundated for several days and the available NO 3 -pool is depleted, N 2 O reduction to N 2 could become the dominant process (Körner and Zumft, 1989) . Therefore, the relative composition of N gases emitted from riparian buffers could vary substantially, depending on the magnitude and duration of flood events.
Quantitative information pertaining to N 2 O emission and its regulatory controls is critical to an overall assessment of the environmental impact of riparian buffers. The present study was undertaken in an attempt to determine whether the water quality improvement of riparian buffers is achieved at the expense of air quality. Specifically, our objectives were to assess N 2 O emission in riparian buffers and examine the effects of vegetation and flood frequency on N 2 O fluxes. We hypothesized that, under a similar flood regime, higher N 2 O emission rates would be measured in riparian zones supporting mature vegetation compared with areas supporting young and rapidly growing vegetation. In addition to greater availability of soil organic C (SOC) (to fuel denitrification) under the mature compared with the young forest stands, this hypothesis is also supported by reports of declining plant N uptake, hence greater mineral N availability to denitrifiers in later stage of vegetation succession (Boggs and Weaver, 1994; Davidson et al., 2007) .We further hypothesized that, due to periodic interactions with N-laden floodwaters from the adjacent stream and greater prevalence of wet soil conditions, both the production potential and emission rates of N 2 O would be greater in frequently flooded than in flood-protected riparian ecosystems.
Materials and Methods

Site Description
The study was conducted at the Lilly Arbor restored floodplain (39°46¢23²N, 86°11¢09²W), Southwestway Park (39°39¢26²N, 86°14¢12²W), and McCormick's Creek State Park (39°17¢51²N, 86°44¢08²W), along a fourth-order stretch (70 km) of the White River-from Indianapolis to Spencer in south central Indiana, USA (Fig. 1) . The White River drainage area ranges from 423.4 × 10 3 ha near Indianapolis to 773.9 × 10 3 ha near Spencer. Mean (1940 Mean ( -1970 river discharge at these locations is 38.6 and 79.3 m 3 s -1
, respectively (http:// waterwatch.usgs.gov).
The Lilly Arbor floodplain includes a shrub/grass vegetation community and woodlots established in 1999 as part of site restoration. The bankfull discharge at this location is ?270 m 3 s -1 (?3 m stage height, based on USGS rating curve for a nearby gauging station) and flooding occurs occasionally (two to three times per year). The Southwestway Park includes a mature (>80 yr) secondary growth forest and an aggrading forest established in the mid-1990s on farmland removed from agriculture in 1984. Located adjacent to the river, the mature forest is occasionally flooded (two to three times per year), whereas the aggrading forest is protected from flooding by a constructed levee. At the McCormick's Creek State Park, two tracts of mature forest were delineated-one tract that is rarely flooded (once every 20 yr), due to its position on a second terrace, and a frequently flooded (four to six times per year) tract that lies near the confluence of White River and McCormick's Creek (Fig. 1) . The flow of water from McCormick's Creek (a second-order stream) into the White River is sometimes impeded by high water levels in the White River, causing backwater inundation of the adjacent floodplains.
On the basis of flood frequency and vegetation characteristics, six study sites were selected. They included: occasionally flooded shrub/grass (S1), occasionally flooded aggrading forest (S2) (<8 yr); rarely flooded aggrading forest (S3) (<15 yr), rarely flooded mature forest (S4) (>80 yr), occasionally flooded mature forest (S5) (>80 yr), and frequently flooded mature forest (S6) (>0 yr). Due to their landscape position and interactions with the White River, the study sites can be categorized as flood affected (S1, S2, S5, and S6) and flood protected (S3 and S4).
At S1 site, vegetation consisted of small trees, primarily mulberry (Morus alba) and Siberian elm (Ulmus pumila), and various herbaceous species, including barnyard grass (Echinochloa spp.), reed canary (Phalaris arundinacea), and goldenrod (Salidago spp.). At the other sites (S2-S6), vegetation was dominated by red maple (Acer rubrum), silver maple (Acer saccharinum), white oak (Quercus bicolor), sycamore (Platanus occidentalis), and cottonwood (Populus L.). The understory consisted of stinging nettle (Urtica dioica L.), Virginia wild rye (Elymus virginicus), cutleaf coneflower (Rudbeckia lacinata L.), and common green briar (Smilax rotundifolia).
Riparian soils are developed from glacial outwash and/or alluvium deposits, and include predominantly the Genesee (Fine-loamy, mixed, superactive, mesic Fluventic Eutrudepts) and Sloan (Fine-loamy, mixed, superactive, mesic Fluvaquentic Endoaquolls) series. The region's climate is temperate humid with mean annual temperature between 11 and 11.6°C, and precipitation between 1050 and 1140 mm in Indianapolis and Spencer, respectively (Fig. 2 ). Temperature and rainfall data were obtained from the Indiana State Climate Office (http://climate.agry.purdue.edu/climate/data_archive.asp). River discharge data ( 
Nitrous Oxide Flux Measurements
Nitrous oxide flux was measured by the static chamber method (Jacinthe and Dick, 1997) from August 2005 to June 2007 at sites S1 and S2, and from June 2006 to November 2007 at the other sites. At each site, two study areas were delineated (S2 had four study areas) to capture topographic variability and each study area was instrumented with a set of four static chambers distributed within a 4-m by 4-m quadrat. Chambers consisted of a polyvinyl chloride (PVC) pipe (height: 30 cm, diam: 15 cm) with a beveled end inserted 5 cm into the ground. During measurement, the PVC pipe was closed with a lid fitted with a gas sampling port. Once closed, air samples were withdrawn from the chamber headspace at 0, 30, and 60 min, and transferred into pre-evacuated glass vials (5 mL) fitted with gray butyl rubber septa (Microliter, Suwanee, GA). Sampling generally took place between 1100 and 1400 h local time. Samples were analyzed by gas chromatography to determine
) was calculated from the change in N 2 O concentration inside the chamber over the 1-h measurement period (obtained by , ground area covered: 1.77 × 10 -2 m 2 ). At the S1 and S2 sites, duplicate soil atmosphere samplers were also installed near each set of static chambers. The soil atmosphere sampler design is described in Jacinthe and Lal (2004) , and consisted of a PVC rod supporting cells of airpermeable silicone membrane (H-06411-82, Cole-Parmer, Vernon Hills, IL) centered at 20-, 40-, 60-, 80-, and 100-cm depth. Soil air composition was monitored on nine occasions between fall 2005 and spring 2006. Air samples were stored in evacuated glass vials until analyzed.
Detailed measurements of postflood N 2 O fluxes were made at the S1 site on 25 Oct. 2006, and 7 and 30 Mar. 2007 (Fig. 2c ). Fluxes were measured along a 35-m transect starting from the river margin. Chambers were installed once water had receded, allowing safe access, and 2 d before flux measurement. At each sampling occasion, surface soil temperature (0-10 cm) was measured with a portable soil thermometer (Cole Parmer, Vernon Hills, IL). Composite soil samples were also collected and brought to the laboratory in plastic bags for determination of gravimetric soil moisture content (105°C, 72 h).
The mole fraction of N 2 O was computed as the ratio of N 2 O production without acetylene (C 2 H 2 ) to the rate of production in the presence of C 2 H 2 . Acetylene is a well-known and widely used inhibitor of N 2 O reduction in soils and sediments (Ryden et al., 1979) . Determination of N 2 O mole fraction was conducted in spring 2007 at all sites, using small soil cores (5 cm diam, 7.5 cm long) as described in Hefting et al. (2003) . Intact cores were collected (eight cores per site) on two occasions (7 and 30 Mar., at S1 and S2; 9 and 30 May, at S3 and S5; 24 Apr. and 24 May, at S4 and S6). At the S1 site, soil cores were taken next to each of the static chambers along the 35-m transect described above. In the laboratory, cores were transferred into canning jars (490 mL) with half of the cores incubated without C 2 H 2 and the other half incubated after a 1-h exposure to C 2 H 2 . Jar headspace was sampled at 0, 30, and 60 min to determine the rate of N 2 O accumulation. Results are reported on the basis of dry weight of soils in the cores.
Soil Properties
Composite soil samples and intact cores were collected to determine surface soil (0-20 cm) properties (pH, texture, bulk density, organic C, total N). Soil pH was measured with a glass electrode connected to an Orion pH meter (soil-to-water ratio of 1:2). Particle size was determined by the hydrometer method after oxidation of organic matter with H 2 O 2 and dispersion of soil with 5% sodium-hexametaphosphate solution. Soil cores were oven dried for 72 h (105°C) and dry weight of earth materials (excluding pebbles and gravel) in each core was used to compute soil bulk density. Finely ground (150 µm), air-dried soil samples were analyzed for total C and N by dry combustion (850°C) on a Thermo Electron CHNS analyzer (Waltham, MA). The SOC was computed as the difference between total C and inorganic C (Loeppert and Suarez, 1996) .
Nitrous Oxide Analysis
Soil air samples were analyzed for N 2 O using a Varian CP3800 (Palo Alto, CA) gas chromatograph equipped with an electron capture (ECD, 63 Ni) detector. Operating conditions of the gas chromatograph were as follows: carrier gas (UHP N 2 at 60 mL min 
Data Analysis
Data were analyzed using one-way analysis of variance (ANOVA) to assess the effect of vegetation and flood regime on N 2 O flux. In the analysis, vegetation type (shrub, grass), forest maturity (aggrading, mature), or flood frequency (rare, occasional, frequent) were used as the treatment factor and study areas as pseudo replicates of treatment. The mature forests occurred under all three flood regimes, whereas the aggrading forests were associated with two flood regimes (occasionally and rarely flooded). As a result, the effect of flood regime was tested separately for the mature (S4, S5, and S6) and aggrading forests (S2 and S3). Likewise, the effect of vegetation type was assessed using data from the occasionally flooded sites supporting shrub/grass (S1) and forest (S2) vegetation. Data from the flood-protected sites-S3 (aggrading) and S4 (mature)-were used to test the effect of forest maturity. The ANOVA was performed using the general linear modeling procedure available in SAS (SAS Institute, 2001 ). The procedure regression was used to evaluate relationships between N 2 O fluxes and environmental factors (soil temperature, moisture). Unless otherwise stated, statistical significance was determined at the 95% confidence level.
Results
Soil and Environmental Conditions
Soil pH (mean: 7.6, range: 7-8.1) did not differ significantly among the riparian sites (Table 1) . Soil texture was coarser (72% sand) at sites S1 and S2, than at other sites. Soil bulk density was higher (1.22 ± 0.09 g cm -3
) and organic C lower at S3 (20.2 ± 5.1 g C kg -1 ), than at other sites (Table 1) . Compared with the other sites (Table 1) , the shrub/grass-covered site (S1) was generally warmer in the summer (23.7 vs. 20.1°C) and cooler in the spring (8.5 vs. 12.4°C). Wet soil conditions were generally more prevalent in the spring than during other seasons and, as expected, the frequently flooded site (S6) was the wettest (Table 1) .
Nitrous Oxide Fluxes and Nitrous Oxide Concentration in Soil Pore Space
Overall, N 2 O fluxes ( ). The ANOVA revealed significant (P < 0.011) effect of flood regime on N 2 O fluxes, regardless of forest maturity (Fig. 4) . Of the two aggrading riparian forests (S2 and S3), ) site (Fig. 4) . Likewise, among the mature riparian forests (S4, S5, and S6), mean flux of N 2 O increased significantly with flood frequency, averaging 0.33 ± 0.14, 0.99 ± 0.58, and 1.72 ± 0.99 mg
, respectively, at the rarely, occasionally, and frequently flooded riparian sites (Fig. 4) . At the flood-affected sites, N 2 O flux was significantly related to soil moisture (r 2 : 0.27, P < 0.01) and antecedent 10-d river discharge (r 2 : 0.34, P < 0.01). Regression analysis showed no relationship between mean N 2 O emission and SOC, or the C:N ratio of organic matter at the study sites.
Subtle differences in seasonal N 2 O flux patterns were observed (Fig. 3a) between the adjacent shrub/grass (S1) and ), whereas the opposite was observed in spring/summer (S1: 0.68 ± 0.54; S2:
). Although these patterns may reflect seasonal cycle in vegetation growth/death and nutrient availability, the effect of vegetation type (grass vs. forest) was not significant. During the study period (Fig. 4) ) was measured in only 10% of the samples (Fig. 5) . Average On most sampling dates, limited variation in N 2 O concentration with soil depth was noted (Fig. 5) In the fall and winter, instances of elevated N 2 O in soil pore space were identified at depth >40 cm, but these were not associated with increased N 2 O emission ( Fig. 3 and 5) . However, in late spring, high N 2 O concentration in soil air was measured in the 20-cm depth range and relatively high N 2 O emission rates were also measured during that period ( Fig. 3 and 5 ).
Post Flood Nitrous Oxide Emission
Above-normal precipitation (Fig. 2) between October 2006 and April 2007 (rainfall total: 813 mm, normal: 575 mm) resulted in several flooding events which, in turn, significantly impacted N 2 O emission from the riparian buffers. In general, post-flood emission rates were nine to 42 times higher than in adjacent flood-protected buffers (Fig. 2) . The N 2 O emission peaks recorded at S5 and S6 provided a good illustration of these impacts ( Fig. 3b-3c ). River discharge ) at S5 was recorded (Fig. 3b) . Similarly, the most intense N 2 O emission rates at S6 (7.12 ± 2.21 mg
) were measured on 24 Apr. 2007, following inundation of that site ( Fig. 2c  and 3c ).
Flood-associated N 2 O emissions and their spatial variability were further investigated at S1 (Fig. 6a-6c soil, and 9.1, 2.4, and 12.2°C, respectively, after these events (Fig. 6d-6f ) . The spatial distribution of N 2 O emission also varied; N 2 O emission hotspots were located close to the river margin (<15 m) after the October 2006 flood but shifted away from the margin (>20 m) after the spring 2007 events (Fig. 6a-6c ).
Denitrification Capacity and Nitrous Oxide Mole Fraction
Across sampling dates and study sites, N 2 O production averaged 4.12 µg N kg -1 h -1 when soil cores were incubated without C 2 H 2 (Table 2 ). Although N gas production was generally higher at S1, difference between study sites was not significant (P < 0.22). However, when cores were incubated in the presence of C 2 H 2 (denitrification capacity), significant difference (P < 0.03) among sites was detected with respect to total N (N 2 O+N 2 ) gas production. The riparian area supporting shrub/grass vegetation (S1) exhibited the highest N gas production rate (77.2 ± 25.6 mg N kg -1 h -1 ; Table 2 ), more than twice the production capacity at the adjacent forested site (S2). Overall, total N gas production capacity was higher (41.9 vs. 8.65 mg N kg -1 h -1 ) and the mole fraction of N 2 O was lower (0.12 vs. 0.28) at the floodaffected (S1, S2, S5, and S6) compared with the floodprotected (S3 and S4) riparian sites (Table 2) . A negative relationship (r 2 : 0.44, P < 0.02) was found between N 2 O mole fraction and soil moisture content (Fig. 7) .
Discussion
The importance of vegetation as a driver of N cycling processes in riparian buffers has long been speculated, but reported results are inconclusive and sometimes difficult to interpret due to, among other reasons, failure to account for the legacy of past land uses Addy et al., 1999) and variation in hydrogeomorphic settings (e.g., water table depth, topography, soil types) among study sites (Dosskey et al., 2010) . Given the similarity of soil and flood regime at the adjacent grassed (S1) and forested (S2) riparian sites, the present study allows for such an assessment without these confounding factors. Thus, the lack of a significant effect of vegetation (shrub/grass vs. forest) observed in the present study indicates that vegetation type was not an important factor controlling N 2 O emission from the riparian buffers investigated. The effect of vegetation on N 2 O dynamics is generally thought to involve competition between plant roots and soil microbes for mineral N during the growing season and increased availability of root-derived organic substrates to denitrifiers at the onset of senescence (Silvan et al., 2005; Dannenmann et al., 2007) . However, the evidence (N 2 O emission and concentration in soil air) gathered in the present study provides little support for these propositions. Our results contrasted with past studies (Hefting et al., 2003; McLain and Martens, 2006; van Haren et al., 2010) documenting linkages between N 2 O production and vegetation type. van Haren et al. (2010) concluded that tree species was the most important predictor of N 2 O fluxes in central Amazonian forests. Hefting et al. (2003) reported N 2 O emission rates that were five to 10 times greater in forested than in grass-covered riparian buffers. It is important to note that the difference observed in the latter study (Hefting et al., 2003) may have also resulted from the higher (2.3 times) N-loading rates at the forested than at the grassland buffer zones. However, our results are in agreement with the work of Addy et al. (1999) and Groffman et al. (2009) documenting limited difference in NO 3 --removal and N 2 O emission between forested and grassed riparian buffers. Clement et al. (2002) also reported similar findings and concluded that topography, rather than vegetation, is a more important driver of denitrification in riparian buffers.
We also examined the significance of forest maturity by comparing emission from the flood-protected riparian sites supporting either aggrading (S3) or mature (S4) forest stands. At both sites, N 2 O fluxes exhibited only moderate temporal variation (Fig. 3b-3c ), further suggesting a weak linkage between N 2 O emission and forest annual growth cycle (e.g., leaf out, senescence). Although the average N 2 O flux was higher at the mature (S4) than at the aggrading forest (S3), difference was not statistically significant. Therefore, contrary to our hypothesis, forest maturity was not a determining factor of N 2 O emission at the study sites. Our results differ from those of Davidson et al. (2007) and Ball et al. (2007) who reported higher N 2 O emission in older than in aggrading forest stands. While differences in water table depth at the study sites may have also contributed to the results reported by Ball et al. 
0.54 (0.14) 2.4 (0. (2007), Davidson et al. (2007) ascribed their findings to a shift in N cycling patterns with forest maturation, from a conservative N cycle to a leaky N cycle as forest stands age.
A primary motivation for this study was to document the impact of flood regime on N 2 O dynamics in riparian buffers. As hypothesized, the data collected suggest that flood regime may have both long-term and immediate impacts on N 2 O production in riparian zones. Laboratory-assessed denitrification activity was about four times greater in flood-affected than in flood-protected riparian areas (Table 2) ) was three times greater than the average emission in floodprotected buffers. This holds true even if measurements made during flooded periods were excluded (Fig. 3) . These results (denitrification capacity, N 2 O emission intensity) underscore the significance of flood regime on the biogeochemistry of riparian soils.
Our mean N 2 O emission from the flood-affected sites was in the upper range of rates reported for riparian buffers in (Fig. 3c) . During that period, the area was affected by a series of floods due to abundant precipitation (Fig. 2b) and amplified by the unique topography of the site, a low-lying floodplain near the confluence of a large river and small stream. Because water level in the White River remained high during that period (Fig.  2) , the flow of water from McCormick's Creek into the main stem of White River became restricted. As a consequence, backwater flooding occurred, resulting in enhanced N 2 O emission at S6 (Fig. 3c) . Due to the extensive flooding, immediate access to the site was not always possible. As a result of these logistical difficulties, the true maximum N 2 O peak associated with these flood events may not have been captured. Considering that the bulk of N 2 O emitted from terrestrial ecosystems often occurs within a small time period, our average N 2 O emission from S6 may be underestimated due to our inability to fully capture these hot moments (McClain et al., 2003) .
Immediate (<5 d) post-flood N 2 O flux measurements were made at the S1 site (Fig. 6) . Although limited, the data provided important insights regarding the dynamics of N gases in riparian buffers. As observed at S6, post-flood N 2 O emission was much more intense than during nonflood period, but the magnitude of the N 2 O flux enhancement varied with flood events (Fig. 6 ). While N 2 O emission after the March 2007 floods was four to five times the S1 site average (0.52 ± 0.41mg
), emission was nearly 90 times higher (46.7 ± 13.2 mg
, Fig. 6 ) after the flood that occurred at the end of October 2006. These results not only demonstrated the significant impact that flood events may have on riparian zone N 2 O budget but also highlighted the variability of these impacts. At present, the factors regulating the intensity of N 2 O emission during and immediately after inundation events are not well characterized.
Although positive relationships between N 2 O fluxes and soil temperature have been reported (Parkin and Kaspar, 2006; Ball et al., 2007) , in our study it is difficult to link the difference in N 2 O emission intensity after the flood events to soil temperature. While low soil temperature (2.45 ± 1.39°C) may have contributed to the moderate post-flood N 2 O emission recorded in early March 2007, it does not adequately explain the difference in N 2 O emission during the other events (Fig. 6 ). Inspection of the White River discharge data (Fig. 2c) indicates that the late October 2006 flood was of short duration (riparian area was inundated for <2 d). Considering the texture (sandy loam) and drainage characteristics (well drained) of soils at the site (Table 1) , soil saturation was probably brief. As the flood waters receded and O 2 began to penetrate into the soil profile, conditions could still be optimal for denitrification (soil moisture: 0.42 g g -1 soil) but probably not conducive to the reduction of N 2 O into N 2 (Körner and Zumft, 1989) . In contrast, when measurements were made after the late March 2007 flood, the riparian site was inundated for at least five consecutive days (23-27 March) and also received copious amounts of rainfall (100 mm in 15 d, Fig. 2a, 2c ). Anaerobic soil conditions may have developed, which would lead to increased conversion of N 2 O into N 2 . Indeed, our assessment of the N 2 O mole fraction (Table 2 and Fig. 6 ) confirmed that N 2 O was a minor (<10%) portion of total N gas produced after the March 2007 floods. Although soil redox information would have strengthened this argument, this interpretation is nonetheless well supported by the data collected in the present study and published reports (Weller et al.,1994; Dhondt et al., 2004) , suggesting that N 2 O emission accounts for a small proportion of the N intercepted in riparian ecosystems where standing water is often present (e.g., riparian wetlands).
In contrast to the vigorous post-flood N 2 O emission peaks, several instances of N 2 O uptake were also observed in the wettest section of the riparian zone, suggesting conversion of N 2 O into N 2 (Fig. 6) . Anaerobic conditions, NO 3 -depletion, and restricted diffusion of N 2 O in saturated riparian soils are the most likely factors regulating that conversion (Körner and Zumft, 1989; Jacinthe et al., 2000) . Thus, successful modeling of N 2 O flux in riparian zones hinges on our understanding of the temporal dynamics of the N 2 O to N 2 conversion and controlling factors (Firestone, 1982; Körner and Zumft, 1989) . The present study has clearly shown that both the frequency and duration of flood events are important factors to consider when assessing N gas evolution in riparian zones. Specifically, the data suggest that N 2 O is the dominant N gas produced during short-duration flood events, but the proportion of N 2 O diminishes with prolonged flooding. Since this research was conducted in mostly well-drained riparian buffers, it remains unclear if similar patterns would be observed in poorly drained riparian soils receiving N-rich agricultural runoff. In addition to field studies, future work could also include simulation of flood events using mesocosms to better characterize the temporal variation of the magnitude and partitioning (between N 2 and N 2 O) of flood-induced N gas production in riparian soils.
Summary and Outlook
The emission of N 2 O from terrestrial ecosystems is controlled by a suite of well-documented soil and environmental factors, including NO 3 -, organic C, denitrifiers population, soil temperature, and moisture (Firestone, 1982) . Building on that knowledge, the present study attempts to link N 2 O fluxes to coarser-scale attributes of riparian ecosystems, such as vegetation type, forest maturity, and flood frequency. This research approach should facilitate the extrapolation of the study results to riparian ecosystems in the Midwest (United States) and elsewhere in the humid temperate region. This expectation is well justified considering that, in most regional surveys, riparian ecosystems are categorized and mapped primarily on the basis of vegetation characteristics (Ffolliott et al., 2004; Palik et al., 2004; Zaimes et al., 2007) . However, the lack of a significant effect of vegetation type and maturity on N 2 O emission suggests that these parameters are inadequate for large-scale aggregation of N 2 O emission from riparian buffers. Since flood regime has emerged as the overriding driver of N 2 O dynamics in riparian buffers, careful integration of hydrology and geomorphology will be required to characterize inundation pattern (timing, frequency, and duration of flood events) and ultimately derive regional estimates of N 2 O emission from riparian ecosystems.
